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Mansoura University
Mansoura-Egypt D3118

Neven Matasovic
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ABSTRACT
Analyses of the performance of the Chiquita Canyon and Lopez Canyon landfills in the 1994 Magnitude 6.7 Northridge earthquake
illustrate deficiencies in the current state-of-practice for seismic design of geosynthetic liner systems and the promise of a new stateof-the-art method for performance-based design, and suggest necessary modifications to construction quality assurance procedures for
geosynthetic liner systems. Analyses of the Chiquita Canyon landfill case history using the conventional state-of-practice Newmark
Analysis approach fail to predict the tears observed at the landfill following the earthquake in the side slope liner geomembrane at two
different locations. However, the state-of-the-art finite difference based method does predict failure of the geomembrane at these
locations if strain concentrations due to seams and scratches in the geomembrane from patches at locations where destructive samples
were recovered for construction quality assurance purposes are considered. The state-of-the-art method also predicts tension strains
observed in the filter geotextile for the side slope liner at the Lopez Canyon landfill following the earthquake. The analysis for the
Chiquita Canyon landfill suggests that construction quality assurance guidelines for obtaining geomembrane samples for destructive
testing should be developed for avoiding critical areas where geomembrane tensile strain is likely to accumulate.

INTRODUCTION
The 1994 Mw 6.7 Northridge earthquake (Northridge
earthquake) provided the first, and to date still the only,
opportunity to study the performance of geosynthetic-lined
landfills subject to strong levels of earthquake shaking.
Analysis of the performance of the Chiquita Canyon and
Lopez Canyon landfills, two of the landfills closest to the zone
of strain energy release for this earthquake, are particularly
instructive regarding the performance of geosynthetic liner
systems subject to seismic loading.
Analysis of the
performance of the Chiquita Canyon landfill in the Northridge
event, wherein tears were observed in the geomembrane liner
in two different waste units, illustrates the limitation of current
methods to evaluate geomembrane liner system performance
used in practice as well as the importance of liner strain
concentration features and the potential of advanced numerical
analyses to predict geosynthetic liner system performance.
Analysis of the performance of the geosynthetic liner system
in Disposal Area C of the Lopez Canyon landfill in the
Northridge event illustrates the potential for limiting damaging
tensile strains in geosynthetic liner system through appropriate
design detail.
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Several groups of researchers investigated the seismic
performance of landfills located within 100 km of the
epicenter of the 1994 Northridge earthquake (Augello et al.,
1995; EERI, 1995; Matasovic et al., 1995; Stewart et al.,
1994). Matasovic et al. (1995) summarize the seismic
performance of twenty-two landfills within 100 km of the
epicenter subjected to ground motions with an estimated free
field PGA in excess of 0.05 g. Nine of these landfills had
geosynthetic liner systems over at least part of the waste
disposal area. Only one of these landfills, the Chiquita
Canyon landfill, was reported to have experienced significant
damage to the geomembrane component of the lining system.
A small tear (150 to 200 mm in length) in the geotextile
overlying the side slope liner of Lopez Canyon landfill was
reported by the California Integrated Waste Management
Board (CIWMB). However, this tear was attributed to
operating equipment and not to the earthquake by the landfill
engineer (GeoSyntec Consultants, 1994). The rest of the lined
landfills addressed by Matasovic et al. (1995) were not
reported to have experienced any damage to the lining system.
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THE CHIQUITA CANYON LANDFILL

Landfill Description
The Chiquita Canyon landfill was the only landfill that was
reported to have experienced significant damage to the
geosynthetic components of the lining system in the 1994
Northridge earthquake (Matasovic et al., 1995). EMCON
Associates (1994) conducted an assessment of the damage to
the Chiquita Canyon landfill lining system after the 1994
Northridge earthquake. The EMCON report provides a
detailed description of the site and the damage observed at two
different cross sections of the landfills, one in Canyon C and
one in Canyon D.

a 0.3 m-thick gravel layer. At the time of the earthquake, the
Canyon D waste mass face had a slope of approximately
3H:1V. The inclination of the side slopes in Canyon D was
2.5H:1V. The side slopes in Canyon D are lined with a 1.5
mm (60 mil)-thick smooth HDPE geomembrane placed
directly over the subgrade and covered with 0.6 m of
protective soil cover. The base of the Canyon D area is lined
with a 0.3 m-thick soil liner consisting of a mixture of
alluvium and 9 percent bentonite (by dry weight) without a
geomembrane. The leachate collection system in Canyon D
consists of a 150 mm sand layer over the base soil liner. The
maximum refuse depth at the time of the earthquake in both
areas (Canyon c and Canyon D) was approximately 30 m.

The Chiquita Canyon landfill is located at the western edge of
the Santa Clara Valley. Topography to the north, east and west
of the site is characterized by east-west orientated steep-sided
canyons with slopes that typically approach 1H:1V. The
Chiquita Canyon landfill consists of five waste disposal units
designated as the Primary Canyon and Canyons A, B, C and
D. The landfill began operations in 1972 with the opening of
the Primary Canyon landfill. Canyon D was partially filled
and only used for landfilling during wet weather at the time of
1994 Northridge earthquake. Canyon C, which consists of two
cells, was the active area of the landfill at the time of the
earthquake. The geosynthetic liner systems for Cell I in
Canyon C was completed in 1991 and Cell I was actively
receiving waste at the time of the earthquake. Cell II in
Canyon C was not constructed at the time of the earthquake
(EMCON Associates, 1994). The Chiquita Canyon is a
California Class 3 (municipal solid waste) landfill and
therefore receives mostly municipal solid waste. However,
the facility also received some construction and demolition
debris and a small amount of sewage sludge with a solids
content of greater than 50% in the years prior to the
earthquake (EMCON Associates, 1994). At the time of the
earthquake, the refuse deposited in Canyons C and D was
relatively recent in age, with most of the waste being placed in
the 8 years leading up to the earthquake (EMCON Associates,
1994).
A plan view of the Canyon C and D areas of the Chiquita
Canyon landfill and cross section through the Canyon C and
Canyon D areas at the time of the Northridge earthquake are
presented in Fig. 1. At the time of the earthquake, the free
face of the Canyon C waste mass had a slope of about 2H:1V,
while the lined side slopes, cut into the canyon wall, varied
from 1.5H:1V to 2H:1V. The Canyon C landfill side slopes
were lined with a 1.5 mm (60mil)-thick smooth HDPE
geomembrane liner placed directly on a prepared subgrade.
The base of the landfill was lined with a composite liner
consisting of a 1.5 mm single-sided textured HDPE
geomembrane (textured side down) underlain by a 0.6 m thick
low permeability soil-bentonite mixture. The base of the
Canyon C landfill has a leachate collection layer which
consists of a network of polyvinyl chloride (PVC) pipes within
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Fig. 1. Chiquita Canyon landfill plan and cross sections
(Augello et al., 1995).
Landfill Performance
Following the earthquake, tears were observed in the
geomembrane side slope liner in both Canyons C and D at
Chiquita Canyon near the top of the slope at the locations
shown in Fig. 1. The damage observed at these locations
included limited downslope movement of the waste and cracks
in the soil cover as well as tears in the geomembrane. There
was also a temporary shutdown of the gas extraction system at
the landfill due to a loss of external power (Augello et al.,
1995).
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In Canyon C, one localized tear in the geomembrane, at the
top of the slope near the anchor trench, was observed after the
earthquake. This tear, shown in Fig. 2, was approximately 4 m
long and 0.24 m wide (Augello et al., 1995). Observed
damage at this location also included longitudinal cracks
approximately 300 mm wide with vertical offsets of 150 to
300 mm at the top of the slope along the interface between the
geomembrane liner and the waste fill.

Post-Earthquake Forensic Investigation
EMCON Associates (1994) conducted a post-earthquake
forensic investigation of the geomembrane tears. Samples of
geomembrane were obtained from the two tear areas. In situ
density measurements (using the sand cone method) were
conducted on the soil above and below the tear areas and the
soil was sampled for laboratory testing. An undrained shear
strength of 62.2 kPa was reported for the low permeability
soil-bentonite mixture beneath the Canyon C base
geomembrane.
EMCON Associates (1994) also conducted a series of
interface shear tests on the geomembrane/ soil interfaces for
the side slope liners in Canyon C and Canyon D. These tests
were conducted in a 304.8 mm by 304.8 mm direct shear
device. Geomembrane samples recovered from the landfill
were used in the interface shear testing. All the testing was
done using soil compacted to the in situ dry density at 2%
above the in situ moisture content. Interface shear test results
are summarized in Table 1. EMCON Associates (1994)
repeated the direct shear tests using wetted interfaces and
saturated soil with no decrease in interface shear strength.
Table 1. Chiquita Canyon interface shear test results (data
from EMCON Associates, 1994)
Sample location

Peak
friction
angle, P
(degree)

Large
displacement
friction angle,
LD (degree)

Initial
stiffness, Ei
(MPa/m)

Above Canyon C
geomembrane
Below Canyon C
geomembrane
Above Canyon D
geomembrane
Below Canyon D
geomembrane

27

24

80

24

22

55

26

24

47

29

28

45

Fig. 2. Tear in Chiquita Canyon C geomembrane, (photo
courtesy of Calif. EPA, Integrated Waste Management Board).
Earthquake-induced cracks observed in Canyon D were as
wide as 300 mm, with 200 mm of vertical offset, exposing the
landfill liner in some areas. While no tear was noticed
immediately after the earthquake, several tears in the
geomembrane were uncovered in Canyon D during landfill
gas monitoring one month later, in February 1994. The
damage uncovered in February 1994 in Canyon D consisted of
three parallel tears, each approximately 0.3 m wide, with a
total length of 27 m at the top of the side slope near the anchor
trench (EMCON Associates, 1994).
Note that cracks in the soil cover were observed in all areas of
the landfill after the earthquake. In Canyon A, the most
pronounced cracks were at the top of the slope and were on
the order of 150 mm wide with approximately 130 mm of
vertical offset. Less pronounced cracks were observed in cover
soils of the Primary Canyon and Canyon B.
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As part of the post-earthquake investigation, a study on the
fracture morphology of the geomembrane was conducted by
researchers at Drexel University using a scanning electron
microscope to investigate the tear initiation and growth
mechanism (EMCON Associates 1994). Six specimens from
the Canyon C side slope geomembrane liner (S-1 to S-6) were
sampled from at the locations indicated in the sketch presented
in Fig. 3, i.e. adjacent to two tear faces. Based on the fracture
morphology, it was concluded that the tear likely initiated
from location of samples S-3 and S-4, i.e. at the fillet
extrusion weld used to weld the patch at this location, and then
propagated perpendicular to the dual hot wedge seam, i.e.
perpendicular to the loading direction (EMCON Associates,
1994).
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Fig. 3. Geomembrane tear in Canyon C (after EMCON
Associates 1994).
As part of the post-earthquake investigation, eight 203.2 mm
wide-width geomembrane specimens were tested under axial
tensile loading conditions. Two sets of tests were performed at
two different strain rates (50 mm/min & 500 mm/min). An
average yield stress of 2.0х104 kPa was measured at a yield
strain of 14% and a break strain of 64% was measured at the
break point for the 50 mm/min strain rate. An average yield
stress of 2.34х104 kPa was measured at a yield strain of 12%
and a break strain of 46% was measured at the break point for
the 500 mm/min strain rate. These results were interpreted as
showing that yield and break strain decreases with increasing
strain rate (EMCON Associates, 1994). EMCON Associates
(1994) noted that failure was always initiated at the location of
surface defects in these tests.
A similar fracture morphology study was conducted by Drexel
University personnel for the tears in Canyon D, (EMCON
Associates, 1994). Six coupons were recovered at locations
adjacent to the tear faces in Canyon D at the locations
indicated in Fig. 4 and were evaluated using a scanning
electron microscope. Three major tears were observed in
Canyon D. Tear #1 took place along the edge of a rib,
proceeded across the fillet extrusion weld for Seam 1, and then
changed direction extending to the adjacent rib. Tear #2 took
place along the edge of two fillet extrusion seams and a
section of the tear propagated along the seamed edge of a
patch (EMCON Associates, 1994). A large part of Tear #3
occurred in the geomembrane rather than along a rib. One end
of Tear #3 propagated along the edge of Seams 2 and 4 for
almost 305 mm.

EMCON Associates (1994) drew the following conclusions
from the fracture morphology study of the tears in Canyon D.
Tear #1, a long horizontal tear, initiated from two locations,
the vertical seam and the grind lines adjacent to the seam. As
the tear grew longer, the stress acting on the seam became so
great that it pulled the seam apart via a ductile failure. Tear #
2 was initiated in a doubly-seamed region consisting of a fillet
extrusion seam on top of a flat extrusions seam, as shown in
the sketch in Fig. 5. The failure began at the seam and
radiated outward and was characterized by rapid crack
propagation in a brittle material. Tear #3 was initiated at a
stress concentration at the vertical seam caused by the
grinding lines. In a similar fashion, the major horizontal tear
associated with Tear #3 began at one end of the vertical seam
and then propagated to the right hand side of the seam.

Fig. 5. Crack through a doubly seamed liner region in
Canyon D (EMCON Associates 1994).
As part of the evaluation of the geomembrane tears in Canyon
D, EMCON Associates (1994) conducted eight 203.2 mm
wide-width tensile tests on geomembrane specimens. Two sets
of tests were performed at strain rates of both 50 mm/min and
500 mm/min. An average yield stress of 1.93х104 kPa was
measured at a yield strain of 14% and a break strain of 64%
was measured for the 50 mm/min strain rate. An average
yield stress of 2.07х104 kPa was measured at a yield strain of
13% and a break strain of 50% was measured for the 500
mm/min strain rate. Similar to the wide-width tensile tests on
the geomembrane specimens from Canyon C, EMCON
Associates (1994) concluded that these tests demonstrated that
the yield and break strains decreased with increasing strain
rate. The geomembrane stress and strain at yield from wide
width tensile test on the specimens from Canyons C and D
along with secant modulus at yield are summarized in Table 2.
Table 2. Wide-width tensile test results, Chiquita Canyon
geomembrane (data from EMCON Associates, 1994)
Strain at
yield, y
(%)
Strain rate
(mm/min)

Fig. 4. Geomembrane tear in Canyon D (after EMCON
Associates, 1994).
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Cross
Section
C1-C1
Cross
Section
D1-D1

Stress at yield, y
(MPa)

Secant modulus
at yield, Ey
(MPa)

50

500

50

500

50

500

14

12

20

23

140

190

14

13

19

21

140

160
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Ground Motions
There was no strong motion station in the immediate vicinity
of Chiquita Canyon, so accelerograms from one of the closest
stations to the site had to be used to represent the strong
ground motions at the landfill. Chiquita Canyon is located
between the Newhall and Castaic Dam strong motion stations.
The Castaic Dam records were chosen by EMCON Associates
(1994) to represent the rock motion at the Chiquita canyon
landfill site for two reasons: first, the strong directivity of the
Northridge earthquake makes the Castaic Dam records more
suitable as they are oriented on a similar azimuth as the
landfill; and second, the Castaic Dam recording station is rock
site, similar to the landfill site, while the Newhall site is a soil
site. Therefore, the two horizontal acceleration time histories
from the Castaic Dam station, i.e. the 90- and 360-degree
components of the record, were used in the seismic analyses.

employed in the analysis. A Poisson’s ratio of 0.33 was used
for the waste based upon the average measured value for
waste at the OII site (Matasovic and Kavazanjian, 1998). As
equivalent linear analysis do not consider interface behavior,
no interface properties were required for the equivalent linear
analysis.
The 90 and 360-degree components of the Castaic Dam strong
motion record scaled to 0.28 g were input as free field bedrock
outcrop motions in the equivalent linear analyses. For each
column, the time history of shear stress at the liner level from
the SHAKE2000 equivalent linear response analysis was
converted to an average acceleration time history for the waste
mass by dividing the shear stress by the normal stress acting
on the geomembrane.

The recorded peak ground accelerations (PGA) for the two
components of the Castaic Dam record were 0.56 g and 0.5 g
for the 90- and 360-degree components, respectively.
However, these acceleration time histories were scaled to the
mean PGA at the Chiquita Canyon site predicted using four of
the 2008 NGA (Next Generation Attenuation) relationships,
the Abrahamson and Silva, Chiou and Youngs, Boore and
Atkinson, and Campbell and Bozorgnia relationships
(Abrahamson et al., 2008). A mean PGA of 0.28 g and a
mean plus one standard deviation PGA of 0.48 g were
predicted at the Chiquita Canyon landfill for the Northridge
earthquake using these relationships. The scaled strong motion
records were assumed to represent rock outcrop motions.

Newmark Analyses
Consistent with 1995 EPA guidance (Richardson et al., 1995)
and the current state of practice, the decoupled procedure
described by Bray et al. (1998) for seismic analysis of lined
landfills was employed to evaluate liner performance. First,
one-dimensional equivalent linear seismic response analyses
were conducted for both cross section C1-C1 and D1-D1 at
the Chiquita Canyon landfill using the computer program
SHAKE2000 (Ordonez, 2010). The equivalent linear site
response analyses were conducted for the five columns shown
in Fig. 6a for cross section C1-C1 and for the four columns
shown in Fig. 6b for cross section D1-D1. No testing was
done to characterize waste properties at the Chiquita Canyon
landfill. So, typical profiles for both unit weight and shear
wave velocity from the literature were used for the seismic
analyses of performance of the landfill in the earthquake. The
unit weight profile for MSW developed by Zekkos et al.
(2006) for typical compaction effort and the shear wave
velocity for typical MSW landfills in southern California
developed by Kavazanjian et al. (1996) were used in the
seismic analysis of the Chiquita Canyon Landfill. The shear
modulus degradation and damping curves from back analyses
of the seismic response of the Operating Industries, Inc.
landfill reported by Matasovic and Kavazanjian (1998) were
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Fig. 6. SHAKE2000 columns superimposed on FLAC model:
(a) Cross Section C1-C1; (b) Cross Section D1-D1.
Limit equilibrium analyses were conducted to determine the
yield acceleration for the waste mass/liner system. Consistent
with current practice, the large displacement friction angle (22
degrees for Cross Section C1-C1 and 24 degrees for Cross
Section D1-D1) was employed for the geomembrane
interfaces. The undrained shear strength of 62.4 kPa
recommended by EMCON Associates (1994) was used for the
low permeability base liner in Section D1-D1. The shear
strength of the waste was characterized using the bilinear
envelope for MSW developed by Kavazanjian et al. (1995),
represented by  = 0 with c = 24 kPa at normal stresses below
30 kPa and = 33 degrees with c = 0 at higher normal
stresses. For both sections analyzed, the critical failure
surfaces (the surface with the lowest yield acceleration)
followed the liner without engaging the waste. The large
displacement interface shear strength and base liner undrained
shear strength for Cross Sections C1-C1 and D1-D1 and the
associated static factor of safety and yield acceleration for
each section are presented in Table 3.
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Table 3. Limit equilibrium analyses results for Chiquita
Canyon s C and D.
Base Liner
SU, (kPa)

Static
FS

Yield
acceleration, ky

C1-C1

Liner System
LD (deg.)
22

-

4.6

0.315 g

D1-D1

24

62.4

1.8

0.14 g

Cross
section

The YSLIP subroutine in SHAKE2000 was employed to
conduct a Newmark analysis for each column using the
appropriate yield acceleration from Table 3 and the average
acceleration time history from the SHAKE analysis. Table 4
presents the average maximum permanent displacement (the
maximum of the two sides of the accelerogram for each time
history), calculated using decoupled method, from the five
columns for cross section C1-C1 and the four columns for
cross section D1-D1. The calculated maximum permanent
displacements from different columns and different records in
the same cross section were very similar (except for the
columns at the toe of the waste mass).
Table 4. Summary of Newmark analyses for the Chiquita
Canyon landfill.
Cross
Section

Motion

PGA
(g)

ky
(g)

C1-C1

90

0.28

0.315

Average permanent
displacement
(mm)
0

360

0.28

0.315

0

90

0.28

0.14

12.0

360

0.28

0.14

40.0

D1-D1

Chiquita Canyon landfill in the Northridge earthquake were
conducted using a recently developed model for performancebased design of geosynthetic liner systems (Arab, 2011;
Kavazanjian, et al. 2012). In this model, implemented in the
computer program FLAC 6.0TM (Itasca, 2008), geosynthetic
elements of the liner system are modeled as beam elements
with zero moment of inertia and interface elements are
attached to the top and bottom of the beam element to model
the geomembrane / foundation soil and geomembrane /
leachate collection layer interfaces.
This configuration
accounts for the impact of slip at liner interfaces on seismic
response and allows for explicit calculation of tensile strains
and tensile forces in the geomembrane. In order to model the
nonlinear behavior of the geomembrane, the hyperbolic stressstrain model for HDPE geomembranes proposed by Giroud
(1994) is employed in the model. In the Chiquita Canyon
analyses, the beam elements were fixed at the top of the slope
in the x and y direction to simulate the anchor trench in the
analyses reported in this chapter.
The finite difference model developed to back analyze the
seismic response of cross section C1-C1 is presented in Fig.
7a. The finite difference model developed to back analyze the
seismic response of cross section D1-D1 is presented in Fig.
7b. In both finite difference models the geomembrane was
modeled as a beam element with interface elements on both
sides. In cross section D1-D1, an HDPE geomembrane is
deployed only on the side slope while in cross section C1-C1 a
geomembrane is deployed on both the side slope and the base
of the landfill.

For cross section C1-C1, with a relatively high yield
acceleration of 0.315 g, the Newmark displacement was zero
for both records. For cross section D1-D1, with a much lower
yield acceleration of 0.14 g, the calculated Newmark
displacement was 12 mm for the 90-degree record and 40 mm
for the 360-degree record. Under current standards of practice
for seismic design of geosynthetic liner systems, if the
calculated seismic displacement in a Newmark-type analysis is
less than 150 mm, the design is considered adequate.
Therefore, according to this criterion, the seismic performance
of both landfill cross sections should have been satisfactory.
The results of the analyses are consistent with the findings of
Augello et al. (1995) who concluded that conventional
Newmark analyses could not predict the damage to the liner at
the Chiquita Canyon landfill in the Northridge earthquake.

2D Finite Difference Analysis
Two-dimensional finite difference analyses of the
performance of the cross-sections for Canyons C and D at the
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Fig. 7. Chiquita Canyon landfill finite difference models: (a)
Cross Section C1-C1 (b) Cross Section D1-D1.
A procedure mimicking as closely as practical the assumed
waste placement scenario in the field was used to initialize the
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stresses in the waste and on the liner before the seismic
analyses was conducted. In this procedure, waste material was
placed in 3 meters horizontal lifts, similar to the assumed
method of field operation. The Modified Cam-Clay (MCC)
material model was used for the waste. The MCC parameters
used for the waste material were established using the results
of oedometer tests conducted by GeoSyntec Consultants
(1996) on OII landfill waste material.
Waste and foundation material properties used in the seismic
analyses for the cross sections C1-C1 and D1-D1 are
summarized in Tables 5 and 6. The waste was treated as an
equivalent linear Mohr-Coulomb material in the seismic
analysis rather than as a MCC material as it was in the initial
static loading step. The best estimate MSW shear modulus
degradation and damping curves from back analyses of the
seismic response of the Operating Industries, Inc. landfill
conducted by Arab (2011) using FLAC 6.0TM were employed
in the analysis.
The waste layering was different in the
seismic stage of the analysis than it was for the initial static
stage, as the waste layers were configured to be parallel to the
landfill surface (rather than horizontal) so that the initial shear
modulus and bulk modulus of the waste increased with depth
according to the assumed unit weight and shear wave velocity
profiles and Poisson’s ratio described earlier. The waste was
assigned a cohesion of 24 kPa and a friction angle of 0 for the
top 3 meters and a friction angle of 33o with 0 cohesion at
greater depths, consistent with the bi-linear shear strength
model described earlier. The rock foundation was modeled as
a linear elastic material with Poisson’s ratio equal to 0.25l.
Figure 8 shows the finite difference models for cross sections
C1-C1 and D1-D1 for the seismic analyses.
Table 5 Waste and foundation material initial properties
Thickness
(m)

Unit
weight
(kN/m3)

Shear wave
velocity
(m/s)

Layer 1

3

10.5

170

Layer 2

3

11.1

190

Layer 3

3

12.7

210

Layer 4

3

12.8

240

Layer 5

3

13.0

260

Layer 6

3

13.1

275

Layer 7

3

13.3

300

Layer 8

3

13.6

315

Layer 8

3

14.0

340

Layer 1

1

18.9

240

Layer 2

1

18.9

350

Layer 3
Weathered
Rock

1

18.9

450

5

16.5

500

Rock

86

16.5

900

Half space

23

18.8

1200

Layer

MSW

Clay
Liner

Rock
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Quiet boundaries were used for the vertical side boundaries
and the bottom boundary of the model to absorb the outgoing
(downward and outward propagating).
Table 6. Stress-strain-strength properties for the seismic
analysis.

(degree)

Modulus reduction and
damping curves

MSW

33

MSW (Arab, 2011 )

Soil-bentonite
base liner

30

PI = 15 (Vucetic and
Dobry, 1991)

Fig. 8. Finite difference models for seismic analyses: (a)
Cross Section C1-C1; (b) Cross Section D1-D.
The in-plane stress-strain behavior of interface elements in
FLAC 6.0TM are defined using the initial stiffness, Ei, and the
Mohr-Coulomb shear failure parameters (c and ). The
stiffness assigned to the interface elements in the back analysis
was 1x109 Pa/m. The upper and lower interface were assigned
peak and residual friction angles using a constitutive model for
that allows for degradation from the peak and residual in-plane
shear strength (Arab, 2011; Arab et al., 2012a and 2012b).
The measured peak and residual friction angles for the upper
and lower interfaces were used in the constitutive model
The two strong motion records (090 & 360) from the Castaic
Dam station, scaled to 0.28 g, were used to develop the input
motions for the finite difference analysis. To transform these
strong motion records into ground motions that can be applied
at the base of the 2-D finite difference models used in this
analysis, a deconvolution procedure was employed. The
deconvolution procedure used SHAKE2000 to calculate the
upward propagating motion at the base of the 2-D models
according to the procedure described by Mejia and Dawson
(2006).
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Results for Cross Section C1-C1
Table 7 presents a summary of the maximum tensile strain in
the geomembrane from the analyses for cross section C1-C1.
The maximum tensile strains for the two strong motion
records were 4.3% to 3.8%. In both cases, the maximum
tensile strain was at the anchor point at the top of the slope.
Table 7. Geomembrane tensile strain, Cross Section C1-C1

Input
motion

Lower Interface
Strength (deg.)

Upper Interface
Strength (deg.)

Tensile
Strain (%)

p

r

p

r

090-0.28 g

24

22

27

24

4.3

360-0.28 g

24

22

27

24

3.8

Fig. 9. Yield strain reduction for scratches (Giroud, 2005)

The tensile strains calculated in the back analysis were well
below the yield strain of the intact geomembrane. However,
Giroud (2005) showed that failure in geomembranes in the
field can occur in cases where the tensile strains are well
below the yield strain due to strain concentration at seams and
scratches in the geomembrane. Therefore, the procedure
proposed by Giroud (2005) to estimate geomembrane strain
concentration was followed to estimate the strain
concentration and factor of safety for the geomembrane in
cross section C1-C1. Giroud (2005) presented several
correction factors that should be applied to the nominal yield
strain of a geomembrane from uniaxial tensile testing to
estimate the yield strain in the field. First, Giroud (2005)
showed that the yield strain under plane strain conditions is
lower than the yield strain in uniaxial tensile tests by a factor
depending on Poisson’s ratio. Assuming a Poisson's ratio of
0.46 and a uniaxial yield strain of 12% for the HDPE
geomembrane, the yield strain in case of plane strain will
decrease to 10.9%.
Giroud (2005) also showed that the yield strain will decrease
due to scratches in the geomembrane according to the depth of
the scratch, as illustrated in Fig. 9. Assuming that the ratio of
the depth of the scratch to the geomembrane thickness is 0.2,
the ratio of the yield strain of scratched geomembrane, SY, to
the intact geomembrane yield strain is 0.35 according to Fig.
9. This means the yield strain for a geomembrane with a
scratch that penetrates 20% of the thickness of the
geomembrane under plane strain conditions, SYps, is 3.8%.
Giroud (2005) also provides a procedure that can be used to
estimate the additional strain due to bending at a
geomembrane seam perpendicular to the loading direction.
Figure 10 shows a plot developed by Giroud (2005) for a 1mm thick geomembrane and different types of seam.
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Fig. 10. Incremental strain due to bending at a seam (Giroud,
2005)

The fillet weld at the top of the patch where the tear initiated
in cross section C1-C1, shown in Fig. 3, is perpendicular to
the loading direction. Therefore, the Giroud (2005) procedure
was used to estimate the incremental strain due to the seam at
this location. Based upon an assumed thickness of 5 mm for
the extrusion fillet weld, the additional strain due to bending at
the seam was estimated to be 3.0%. Adding the calculated
strain in geomembrane due to the earthquake loading (3.8%)
to the bending strain due to the seam stress concentration, a
total tensile strain in the geomembrane in the vicinity of the
seam of 6.8% is calculated. Considering the strain increase
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due to bending at the seam and the reduction in yield strain
due to plane strain conditions and scratches in the
geomembrane, the factor of safety (FS) for the geomembrane
in Canyon C due to the 360 component of the earthquake
loading can be estimated as:

FS 

 SYps 3.8

 0.56
 e   b 6.8

(1)

where SYps is the scratched geomembrane yield strain in plain
strain, e is the maximum tensile strain from earthquake, and
b is the bending strain due in the seam. The calculated factor
of safety of 0.56 is consistent with the observation that a tear
will be initiated at this seam location in the Northridge
earthquake. A similar calculation for the 090 component of
the strong motion record yielded a factor of safety of 0.45 due
to the larger earthquake-induced strain (4.3%) for that record.
Furthermore, analyses conducted with scratch depth as low as
0.025 times the geomembrane thickness also resulted in a
factor of safety less than one for both motions for this cross
section.
One important observation at this location is that the
geomembrane was not pulled from the anchor trench, even
though the anchor was designed as a yielding anchor, i.e. it
was designed so that geomembrane would be pulled out of the
anchor trench before yielding. However, the yield strength of
the geomembrane was based upon the uniaxial yield strain of
the geomembrane without consideration of strain
concentrations or scratches and thus the geomembrane did not
approach the assumed tensile force at yield before tearing due
to strain concentration.

Results for Cross Section D1-D1
Table 8 presents a summary of the maximum tensile strain in
the geomembrane from the analyses for cross section D1-D1.
The maximum tensile strains for the two strong motion
records were 2.2% and 1.9%. In cross section D1-D1, there
was horizontal bench 3 m below the crest of the slope where
the geomembrane was anchored. In the numerical analysis, the
maximum tensile strain on the bench was slightly greater than
the value at the anchor.
Table 8. Tensile strain in the geomembrane for cross section
D1-D1

Input
motion

Lower
Interface
Strength
(deg.)

Upper Interface
Strength (deg.)

p

r

p

r

090-0.28 g

29

28

26

24

360-0.28 g

29

28

26

24
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Tensile Strain
(%)
2.2 - Bench
1.3 - Anchor
1.9 - Bench
0.9 - Anchor

As for cross section C1-C1, the procedure proposed by Giroud
(2005) to estimate the strain concentration due to seams and
scratches was followed to estimate the strain concentration
and factor of safety for cross section D1-D1.
Consistent with these analyses results, one end of the stairstepped tear in Canyon D illustrated in Fig. 4 was on the
bench. Assuming a Poisson's ratio of 0.46 and yield strain of
13% for the geomembrane, the geomembrane yield strain in
case of plane strain conditions for cross section D1-D1 was
11.8%. Furthermore, assuming the ratio of the depth of the
scratch to the geomembrane thickness is 0.2, the ratio of the
yield strain of scratched geomembrane, SY, to that of the intact
geomembrane is estimated to be 0.35 according to Fig. 9.
This means the yield strain for a scratched geomembrane at
cross section D1-D1 under plain strain conditions, SYps, was
4.1%. The additional strain due to the bending at the seam
was estimated based upon an extrusion fillet weld with an
assumed thickness of between 5 mm. Based upon Fig. 10, the
additional strain due to bending at the seam was estimated to
be 2.25 %. Adding the calculated strain at in geomembrane
due to the earthquake loading (1.9 %) to the bending strain
due to the seam stress concentration, a total tensile strain in
the geomembrane in the vicinity of the seam of 4.15% was
calculated. The factor of safety (FS) after the earthquake
loading can then be estimated as follows:

FS 

 SYps
4.1

 0.98
 e   b 4.15

(2)

Note that a scratch with a depth less than 0.2 times the
geomembrane thickness would not result in a factor of safety
less than one at this location based upon the analysis above.
However, the seam where the tear initiated in Canyon D may
be considered a double seam, as illustrated in Fig.5. A double
seam would add additional incremental train to the
geomembrane at this location, reducing (or even eliminating)
the scratch depth assumed to explain the geomembrane tear.

THE LOPEZ CANYON LANDFILL

Landfill Description
The Lopez Canyon landfill is located in the foothills of the
San Gabriel Mountains, approximately 30 km north-northwest
of downtown Los Angeles. The landfill began operations in
1975 as a municipal solid waste landfill with a total capacity
of 16.9 million metric tons of waste. This landfill consists of
four disposal areas designated Areas A, B, AB+, and C.
Disposal Areas A, B, and AB+ were no longer accepting
waste at the time of Northridge Earthquake. Disposal Areas A
and B, which are unlined, were the initial landfill units.
Disposal Area C was the newest waste unit and included a
geosynthetic liner system on the base and on some of the side
slopes. The performance of Disposal Area C in the Northridge
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earthquake is the subject of this case history. Disposal Area C
was filled to a height of about 30 m at the time of the
Northridge Earthquake. Figure 11 shows the most critical
cross sections in terms of the stability of Area C according to
GeoSyntec Consultants, the engineer of record for Disposal
Area C (GeoSyntec Consultants, 1994).

Fig. 12. Lopez Canyon landfill Disposal Area C base lining
system (Derain et al., 1993).

The side slope liner system in Disposal Area C at Lopez
Canyon is an alternative liner system designed in conformance
with the performance standards of Subtitle D (GeoSyntec,
Consultants, 1994). The side slope liner consists of, from top
to bottom, a 0.6 m thick protective soil layer, a 410 g/m2 filter
geotextile, a geonet drainage layer, a 2.0 mm-thick HDPE
single-sided textured geomembrane (textured side down), a
stitch-bonded geosynthetic clay liner (GCL), and an airsprayed slope veneer of concrete averaging 75 - 100 mm thick
and reinforced with 17-gauge wire hexagonal netting (Derian
et al. 1993). The details for the side slope lining system for
Area C at the Lopez Canyon are presented in Fig. 13.

Fig. 11. Lopez Canyon landfill Disposal Area C at the time of
the Northridge Earthquake (GeoSyntec Consultants, 1994).
Disposal Area C's native side slopes are up to 90 m high and
were graded to provide slopes of between IH:IV to 1.5H:IV,
with 5 m wide benches every 12 m in height. The base liner
system conforms to the prescriptive requirements of the US
federal Subtitle D regulations, consisting of a 0.3 m thick
granular leachate collection layer overlying a composite liner.
The composite liner consists of a 0.6 m low permeability
mixture of native soil and bentonite (4% bentonite by weight)
layer overlain by a 2.0 mm (80 mil)-thick double-sided
textured high density polyethylene (HDPE) geomembrane.
There is a 545 g/m2 non-woven cushion geotextile between the
geomembrane and the leachate collection layer and a 410 g/m2
nonwoven filter geotextile overlain by 0.6 m of protective soil
cover on top of the leachate collection layer (Derian et al.,
1993). Figure 12 shows the cross section for the base lining
system for Area C at the Lopez Canyon landfill (GeoSyntec
Consultants, 1994).
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Fig. 13. Lopez Canyon landfill Disposal Area C side slope
lining system (Derian et al., 1993).

Material Properties
The unit weight profile and MSW shear strength employed in
the analysis of the performance of the Lopez Canyon landfill
in the Northridge earthquake were based upon typical MSW
properties and were the same as used for analysis of the
Chiquita Canyon landfill case history. The MSW unit weight
profile from Zekkos et al. (2006) for typical compaction and
the bi-linear MSW failure envelope from Kavazanjian et al.
(1996) were employed in the analysis. Following the
earthquake, a Spectral Analysis of Surface Waves (SASW)
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survey was conducted at the Lopez Canyon landfill to
characterize the shear wave velocity of the solid-waste. The
survey was conducted along four lines, each in a different area
of the landfill (Kavazanjian et al. 1996). The median of the
four SASW arrays profiles, presented in Fig. 14, was used in
the dynamic back analysis of Disposal Area C.

Table 9. Waste and foundation material initial properties for
Lopez Canyon landfill.
Thickness
(m)

Unit
weight
(kN/m3)

Shear wave
velocity
(m/s)

Layer 1

3

10.5

170

Layer 2

3

11.1

190

Layer 3

3

12.7

210

Layer 4

3

12.8

240

Layer 5

3

13

260

Layer 6

3

13.1

275

Layer 7

3

13.3

300

Layer 8

3

13.6

315

Weathered
Rock

5

16.5

500

Rock

67

16.5

900

30.5

18.8

1200

Layer

MSW

Rock

Half Space

Table 10. Interface Direct shear test results for Lopez Canyon
landfill geosynthetic elements (GeoSyntec Consultants, 1993).
Peak
Fig. 14. Median MSW Shear Wave Velocity Profile at Lopez
Canyon.

Waste and foundation material properties used in the seismic
analyses for cross sections C-C' and A-A' are summarized in
Table 9. The waste was assigned cohesion of 24 kPa for the
top 3 meters and a friction angle of 33o at greater depths based
upon the bi-linear strength envelope of Kavazanjian et al.
(1995). The rock foundation was modeled as a linear elastic
material. As for the Chiquita Canyon analyses, a Poisson’s
ratio of 0.33 was employed for the MSW and a Poisson’s ratio
of 0.25 was used for the bedrock.
Direct shear testing was conducted during design on six
different interfaces geosynthetic interfaces (GeoSyntec
Consultants, 1993). For the base liner, interface direct shear
tests were conducted on the low permeability soil/textured
geomembrane interface. For the side slope liner system, four
interface direct shear tests were conducted, including two
“sandwich” tests that included multiple interfaces. The results
of the interface direct shear tests on elements of the liner
system for Disposal Area C at the Lopez Canton Landfill are
summarized in Table 10.
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Residual

Interface


(deg.)

c
(kPa)


(deg.)

c
(kPa)

Base (low permeability
soil / GM)

24

65.3

24

65.3

GCL / GM / geonet /
geotextile / soil

7

7.2

5

12.2

Geotextile / geonet /
GM

13

20.8

14

16.5

Soaked GCL / soaked
GM

6.66

28.7

5.9

25.2

Table 10 indicates that the governing mimium friction angle
for the side slope is the filter geotextile/protective (operations
layer) soil interface. This means if slip occurs, it should occur
between the filter geotextile and the operations layer soil, and
thus tensile stresses should only develop in the geotextile (and
not in the underlying geomebrane or geosynthetic clay liner).
The geosynthetics was modeled as elastic beam elements with
elastic moduli, EG. The Giroud (2005) hyperbolic model was
employed to model the stiffness of the geomembrane. The
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interface element shear response was modeled as elasticperfectly plastic using three parameters: an initial stiffness, Ei,
and the Mohr-Coulomb failure parameters (c and ). The
geotextile/soil interface was assigned a peak interface strength
characterized by a friction angle of 7 degrees and a cohesion
of 7.2 kPa and a large displacement shear strength
characterized by friction angle of 5 degrees and a cohesion of
12.2 kPa. The geotextile/geonet interface was assigned a
friction angle of 13 degrees and a cohesion of 20.8 kPa.

Ground Motions
The Lopez Canyon landfill is located fairly close to the
Pacioma Dam Downstream strong motion recording station,
so the recorded Pacioma Dam Downstream motions from the
1994 Northridge earthquake were used for the back-analyses.
However, the accelerograms were rotated to obtain the motion
corresponding to an azimuth of 60 degrees, coinciding with
the direction of the cross section A-A', and to an azimuth of
290 degrees, coinciding with the direction of the cross section
C-C'. Based upon the proximity of the site to the Pacoima
Dam Downstream station, the ground motions at the site were
assumed to have the same PGA as recorded at the Pacoima
Dam Downstream station. These values were 0.49 g and 0.33
g for the 60 degree and 290 degree azimuth records,
respectively. These two motions were input to SHAKE2000
as bedrock outcrop motions for the deconvolution analysis
conducted according to the procedure recommended by Mejia
and Dawson (2006) to calculate the upward propagating
motion at the base of the FLAC 6.0TM model employed for
landfill performance analyses.

2D Finite Difference Analyses
Lopez Canyon Landfill cross sections A-A’ and C-C’ were
chosen for back analysis as these sections both had a lower
static factor of safety and yield acceleration than cross section
B-B’. The finite difference meshes developed to back analyze
the seismic response of these cross sections are presented in
Fig. 15. Lateral boundaries of both models were extended
beyond the boundaries of the waste fill and quiet boundaries
were used to minimize the influence of the lateral boundaries
on the computed seismic response. In both cross sections, the
side slope geotextiles and base geomembrane were modeled as
beam elements to enable direct computation of tensile forces
and strains. Interface elements were attached to the top and
bottom of these beam elements to allow for different interface
shear strengths on either side. The beam element was pinned
at the in the x and y direction at the top of the slope to
simulate the anchor trench at the crest of the slope. In the
same manner as done for the Chiquita Canyon analyses, the
waste placement sequence was simulated to establish the preearthquake condition of the liner system.
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Fig. 15. Lopez Canyon landfill finite difference meshes: (a)
cross section A-A', (b) cross section C-C'.

Geotextile Strains
In total, four finite difference analyses were conducted. Both
strong motion records from the Pacoima Dam Downstream
station were used on each of two cross sections. Table 12
presents a summary of the maximum tensile strain in the
geotextile for the four analyses along with the upper and lower
interface shear strength and the interface stiffness used in the
analyses. For Cross Section C-C’, the maximum tensile strain
in the geotextile calculated in the analysis was 7.3%. For
Cross Section D-D’, the maximum tensile strain in the
geotextile calculated in the analysis was 0.5 %. The
maximum value of 7.3% calculated in the analyses is well
below the yield strain of the geotextile. The calculated tensile
strains for Cross Section C-C’ is consistent with observations
that the geotextile along this cross section was stretched after
the earthquake but that there was no apparent damage to the
underlying geonet or geomembrane (GeoSyntec Consultants,
1994).
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SUMMARY AND CONCLUSIONS

Chiquita Canyon Case History Summary
State-of-practice Newmark analyses for assessing the
performance of geosynthetic liner systems subject to seismic
loading fail to predict the tears observed in the geomembrane
at Chiquita Canyon at two different locations following the
Northridge earthquake. The permanent seismic displacements
calculated from the conventional Newmark-type analyses
were significantly lower than 150 mm, the value typically
employed in practice as the limiting value for acceptable liner
system performance. State-of-the-art two-dimensional nonlinear finite difference numerical analyses were conducted
using interface elements that allow for slip at the
geomembrane interface and a beam element representing the
geomembrane to allow for computation of liner strains. These
analyses predict geomembrane strains well below the nominal
yield strain of the geomembrane. However, both tears
occurred at locations where the geomembrane had been
patched after recovery of construction quality assurance
samples for destructive laboratory testing. When strain
concentration factors due scratches and seams from Giroud
(2005) were applied and the yield strain was adjusted for plane
strain conditions, the factor of safety against geomembrane
yield dropped to below 1.0 for both cross sections.

Lopez Canyon Case History Summary
State-of-the-art two-dimensional non-linear finite difference
numerical analyses were conducted of the seismic response of
two cross sections at Lopez Canyon landfill in the Northridge
earthquake. These analyses also employed interface elements
that allow for slip at the geotextile interface on the side slope
and the geomembrane interface on the base and beam
elements that allow for direct computation of tensile strains in
the geosynthetic elements of the liner system. The strains
predicted in the geotextile were relatively high but not high
enough to cause tearing of the geotextile. However, the
strains were consistent with the observation of tension in the
geotextile after the earthquake.

predict the tears observed in the side slope liner geomembrane
at two different locations at the landfill following the
earthquake. However, the state-of-the-art finite difference
based method does predict failure of the geomembrane at
these locations if strain concentrations due to seams and
scratches in the geomembrane from patches at locations where
destructive samples were recovered for construction quality
assurance purposes are applied. The state-of-the-art method
also predicts tension observed following the earthquake in the
filter geotextile for the side slope liner at the Lopez Canyon
landfill.
The case history analysis for the Chiquita Canyon landfill also
suggests that guidelines should be developed for identifying
critical areas in liner systems where tensile strain are likely to
accumulate so that construction quality assurance sampling for
destructive testing of the geomembrane can be avoided in
these areas.
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